Introduction
High performance AlGaN/GaN high electron mobility transistors (HEMTs) have been realized on the silicon substrate for high power applications in recent years, while one issue remains for these devices are the relatively high leakage current mainly due to the quality of the buffer layer [1] , [2] . For power electronics applications, a large leakage current could cause serious off-state loss in the power supply and significantly reduce the efficiency of the system. In addition, the leakage current also raises problems related to the device reliability such as current collapse and breakdown voltage. Different approaches such as buffer layer growth optimization and Schottky-drain technology were proposed to reduce the buffer leakage current of AlGaN/GaN HEMTs on silicon substrates [1] - [3] .
It has been proved that the process of the ohmic contact is critical to the device buffer leakage [4] . The metal spiking deeply into the GaN buffer layer during ohmic contact formation often causes undesired local electric field peaks at the drain side and induces additional buffer leakage current. Recently, the Schottky-drain technology for high power AlGaN/GaN HEMTs has been proposed to enhance the buffer breakdown voltage [3] . However, the non-zero (typical ~ 1 V) onset voltage V on resulting in increased on-resistance R on , which is critical to the overall system efficiency. To overcome this problem, C. Zhou et al. [5] proposed a hybrid Schottky-ohmic drain structure in E-mode AlGaN/GaN HEMTs. With the treatment of fluoride (F -) underneath the Schottky contact, V on was greatly reduced to be around only 0.55 V, but R on of the device was still obviously higher than that of the traditional ones due to the depleted 2DEG by the fluoride ions.
In this paper, we propose a hybrid Schottky-ohmic drain structure for AlGaN/GaN HEMTs grown on the Si substrate, demonstrating enhanced characteristics in both off-and on-state. Without any additional photomasks and process steps, the devices with the proposed Schottky-ohmic drain show improved DC characteristics including leakage current, on-resistance, and breakdown voltage compared with the traditional and Schottky-drain structures.
Device Design and Fabrication
Fig. 1(a), 1(b), and 1(c) shows the cross sections of the AlGaN/GaN HEMTs with three different drain electrode designs, namely, the ohmic, Schottky, and the proposed hybrid ohmic-Schottky drain, respectively. The layer structures were grown on a high resistivity silicon substrate by Molecular Beam Epitaxy (MBE). The epitaxial structure consists of a GaN buffer layer, an undoped GaN layer, and then followed by 24-nm undoped AlGaN layer. The total thickness of the GaN epi-layer is ~1µm. The Al mole fraction in the AlGaN layer is 0.25. The gate length L g and the gate to source spacing L gs are both 2 µm.
The device isolation was achieved by dry etching using Cl 2 /Ar gas mixture and the etching depth is about 300 nm. Then the source/drain ohmic contacts were first formed with Ti/Al/Ti/Au (20nm/150nm/45nm/55nm) by rapid thermal annealing at 800 °C for 30 seconds in a N 2 ambient. The ohmic recess process with low power Ar plasma etching was adapted to reduce the ohmic contact resistance. After the ohmic contact process, the Ni/Au contact (20nm/300nm) was deposited to form the Schottky gate by the lift-off process. Note that the same gate Schottky metal is also utilized for the Schottky-and hybrid-drain devices. A PECVD silicon nitride/silicon dioxide/silicon nitride layer of 0.1µm/0.2µm/0.1µm was then deposited for surface passivation.
Comparing with the GaN HEMTs with the conventional ohmic drain as shown in Fig. 1(a) , the Schottky metal in the proposed device is deposited above the alloyed ohmic contact directly. The Schottky metal with a 4-µm extension (see Fig. 1(c) ), acting like a field-plate electrode, is employed to reduce the electric field in the vicinity of the ohmic contact. Fig. 2 illustrates the device layout and the details of the metal usage in each type of the AlGaN/GaN HEMTs. The square-gate layout approach is employed to alleviate the effects of traps at the mesa edge on transistor characteristics [6] . It should be emphasized that no additional photomasks and extra process steps are required for the proposed hybrid schottky-ohmic drain design, as can be understood from Fig. 2. Fig. 3 compares the I D -V D curves of the conventional GaN HEMT, the Schottky-drain device, and the proposed device with the hybrid Schottky-ohmic drain electrode. The hybrid drain devices show a more than 10% increased saturation current compared with that in the other two types of devices, and no onset drain voltage is observed. Before the drain voltage V D exceeds ~ 0.9 V (turn-on voltage of the Sckottky contact), the Schottky part of the contact does not turn on and all the current flow through the ohmic part of the contact. When V D increases up to 0.9 V, the Schottky electrode at the drain side starts to turn on, providing an auxiliary current path. Consequently, the equivalent drain-side contact resistance becomes smaller under a high drain voltage resulting in increased drain current. Fig. 4 (a) and 4(b) show the off-state characteristics with two different gate-to-drain drift lengths L GD of 5 and 10 µm, respectively. Both the Schottky-drain and hybrid Schottky-ohmic drain HEMTs exhibit higher breakdown voltages, and the off-state leakage current reduces significantly by about two orders of magnitudes. It should be mentioned that the hybrid drain devices show even a smaller leakage current and higher breakdown voltage compared with the devices with a pure Schottky drain. This could be explained by the combination of both ohmic and Schottky contacts in the proposed hybrid drain, which forms a Γ-shape electrode to reduce the electric field at the drain side. Table I shows the comparison between each type of devices. The results clearly indicates that the proposed hybrid Schottky-ohmic drain GaN HEMTs is effective for reducing the leakage current I off and R on , and increase breakdown voltage V BK . Combined the advantages of both Schottky drain and the traditional ohmic-drain HEMT structures, the hybrid-drain devices demonstrate the best off-state characteristics and compatible R on with the traditional AlGaN/GaN HEMTs.
Results and Discussion

Conclusion
In this study, we proposed the hybrid Schottky-ohmic drain for AlGaN/GaN HEMTs on Silicon without any additional photomasks and process steps. Measured results showed zero onset voltage and significantly improved off-state leakage current compared with that of the traditional ohmic-drain devices. The breakdown voltage was also enhanced clearly without degradation of the on-resistance. The results demonstrate that the proposed hybrid Schottky-ohmic drain AlGaN/GaN HEMTs have great potential for power electronics applications. 
